Background. The process of determining whether patients with stroke should drive again often involves off-road evaluations and road tests that usually take about 2 to 3 h to complete. Objectives. This prospective study sought to identify the combination of tests that best predicts fitness to drive after stroke. The main aim was to develop a short and predictive predriving assessment battery. Methods. Sixty-eight consecutive stroke patients were studied who performed a mandatory predriving assessment at the Belgian Road Safety Institute, Brussels, within 18 months. Performance in a predriving assessment included medical examination (when needed), visual and neuropsychological evaluations, and an on-road test. Based on these assessments, a physician, psychologist, and the driving safety expert who administered the tests decided if a subject was either "fit to drive," "temporarily unfit to drive," or "unfit to drive." Results. Logistic regression analysis revealed a combination of visual neglect, figure of Rey, and on-road tests as the model that best predicted (R 2 = 0.73) fitness to drive after stroke. Using a discriminant function that included the 3 tests of the logistic model, the fitness to drive judgments of 59 (86.8%) subjects were correctly predicted. The sensitivity and specificity of the predictions were 79.4% and 94.1%, respectively. Conclusion. Fitness to drive after stroke can be predicted from performance on a few road-related tests with a high degree of accuracy. However, some individuals require extended assessments and further tests.
D riving is a complex activity performed in a constantly changing environment. The ability to drive is usually affected by the motor, visual, cognitive, and perceptual deficits experienced after stroke. [1] [2] [3] [4] While some patients are completely unable to drive again after stoke, others retain enough skills to resume safe driving. Predriving assessments that include off-road (visual and neuropsychological evaluations) and on-road tests are often employed to determine whether stroke patients are safe to drive again. [5] [6] [7] [8] The on-road tests are usually performed using vehicles with automatic transmission systems that are adequately adapted to make it possible for most stroke patients to drive in spite of motor disabilities. Consequently, studies have focused on identifying only the visual, cognitive, and perceptual problems that affect fitness to drive after stroke. [9] [10] [11] [12] [13] Nouri et al. 9 identified performance in 6 cognitive and perceptual tests as predictive of 39 stroke patients' performance on a road test. The predictive ability of 3 of the tests (dot cancellation, what else is in the square, and road sign recognition) was validated in another study that included 40 stroke patients and reported to be 82.2%. 10 The 3 tests now known as the "stroke driver screening assessment" (SDSA) were used to correctly predict the on-road driving performance of another 22 subjects from a total of 27 stroke patients. 11 In a study by Mazer et al., 12 a combination of the Motor-free Visual Perception Test and Trail-Making Test part B that accounted for 22.4% of the variance emerged as the best model to predict the driving performance of 84 stroke patients. In all 4 studies, predictions were made about performance in the road test, which was the single criterion of driving fitness decisions. However, driving after stroke may be influenced by other factors apart from practical on-road performance.
In a recent retrospective study by Akinwuntan et al., 13 the determinants of driving fitness of 104 stroke patients were identified from performance in a predriving assessment that included an on-road test. Performance in the on-road test alone accounted for 42% of the variance in the decisions. Upon considering the influence of performance in other evaluations on the "fitness to drive" decisions, a combination of side of lesion, kinetic vision, and visual scanning was added to the on-road test. The 4 evaluations together accounted for a higher variance (53.0%). The amount of missing data due to the retrospective design and inclusion of tests based on face validity were believed to have influenced the outcome of the study. The reliability of assessing the most important predictor (on-road test) and its validity were also not known.
In general, studies performed on predicting driving ability exclusively in stroke patients are few and on rather small populations. The predictive accuracy reported in the 2 studies that used the most subjects was either low 12 or moderate. 13 The battery of tests in both studies required, on average, 2 to 3 h to complete and could be very demanding on the patients, their families, and the assessment centers. The main aim of this prospective study was therefore to identify the determinants of driving after stroke from performance in a predriving assessment that included a combination of proven road-related tests. The ultimate goal was to develop a shorter battery that could be used to predict fitness to drive with high accuracy. An attempt was also made to predict performance in the on-road test because it was the criterion of fitness to drive decisions in other studies [9] [10] [11] [12] and the most important predictor in the retrospective study. 13 
METHODS

Subjects
In Belgium, patients are referred by their physicians or car insurance companies to the CARA department of the Belgian Road Safety Institute in Brussels for a predriving assessment after a 6-month compulsory waiting period following the onset of stroke. 14 Physicians attached to CARA further examine some patients if and when necessary. A total of 68 consecutive stroke patients who performed predriving assessment at CARA within a period of 18 months were included in the study. The average age of the subjects (57 [83.8%] men and 11 [16 .2%] women) was 53 ± 13 years. Thirty-one subjects (45.6%) had left-sided lesion, 35 (51.5%) had rightsided lesion, and only 2 (2.9%) of the subjects had bilateral lesion. Fifty-three (77.9%) and 15 (22.1%) subjects sustained ischemic and hemorrhagic strokes, respectively. In spite of only a 6-month ban on driving after stroke in Belgium, the average time interval between the onset of stroke and when subjects presented for the predriving assessment varied extensively (15 ± 18 months). Ten (14.7%) subjects had hemianopia, and 4 (5.9%) had quadrantanopia. Belgian traffic law 14 allows for patients with hemianopia or quadrantanopia and certified by ophthalmologists as suitable to drive to perform the predriving assessment, although the issue remains controversial in most other countries. Nineteen (27.9%) subjects had aphasia but could understand instructions and communicate with the assessors. Subjects had an average of 33 ± 13 years of driving experience and drove a distance of about 24,000 km annually before the stroke.
Evaluation
Visual tests. Visual status was assessed using 4 tests that included the monocular and binocular visual acuity tests and test of kinetic vision. These tests were retained from a battery of 5 visual tests that had previously shown to be significantly correlated and influential in the determination of fitness to drive after stroke in a study by Akinwuntan et al. 13 The monocular acuity test measures far vision of each of the eyes, whereas the binocular acuity test measures acuity of both eyes combined. 15 Scores range from 1 to 10 corresponding to 20/200 to 20/20 on the Snellen acuity chart. In the kinetic vision test, the number of correct identifications from a total of 9 chevrons traveling horizontally in left or right directions was used to evaluate the subject's ability to recognize objects in motion.
Neuropsychological evaluation. The figure of Rey (copy), useful field of view (UFOV), and 5 of the 6 tests from the "test for attentional performance" (TAP) battery reported in an earlier study 13 were retained in the predriving assessment. The figure of Rey (copy) test measures perceptual organization and visuospatial inattention. 16 The UFOV test measures the degree of reduction in the useful field of view by evaluating the speed of processing, divided and selective attention of performance using visual discrimination, and localization tasks. 17, 18 The 5 tests from the TAP battery 19 were those of divided attention, visual scanning, incompatibility, visual field, and visual neglect.
Component tests of the "Stroke Driver Screening Assessment" (SDSA) that had proven to be predictive of on-road driving ability of stroke patients 10, 11, 20 were added to the neuropsychological evaluation. The SDSA 11 consists of a dot cancellation test, square matrix (direction and compass) tests, and the road sign recognition test. These tests in combination measure attention, concentration, and executive reasoning abilities. 10, 11, 20 In this study, some pictures of the square matrix and road sign recognition tests in the original SDSA version were slightly modified according to the Nordic version 21 to make them applicable to the traffic situation in Belgium.
On-road test. A reliable 22 and valid 23 on-road test was performed on a standardized 20-km road in an adapted automatic transmission system car with a 2nd set of brakes and accelerator pedals to ensure safety. The road test was evaluated using a checklist adapted from the "Test Ride for Investigating Practical fitness to drive (TRIP): Belgian version." 24 The adapted checklist contained 13 items of driving performance made up of 49 subitems that were each scored using clearly predefined criteria on a 4-point scale of poor = 1, fair = 2, sufficient = 3, and good = 4. A minimum score of 49 and maximum of 196 were obtainable in the road test.
Each predriving evaluation (a combination of visual, neuropsychological, and on-road tests) lasted 2 to 3 h on average and was administered by certified psychologists and driving assessment experts from the CARA unit of the Belgian Road Safety Institute. Based on overall performance in the predriving evaluation, a fitness to drive decision for each of the subjects was jointly provided by the physician, psychologist, and driving assessment expert who evaluated the subject. The decisions were in 3 categories: 1) "Fit to drive" and could resume driving with or without restrictions; 2) "Temporarily unfit to drive" and could not resume driving but could be reevaluated at a later date following further evaluations or more time to recover; 3) "Unfit to drive" and can never resume driving nor be tested again usually due to extremely poor performance in the predriving assessment or severe medical conditions that make driving completely unsafe.
All tests included in the predriving assessment, with the exception of the SDSA tests, are described in detail in the retrospective study. 13 Further descriptions and rules for administration of the SDSA tests can be found in previous studies. [20] [21] [22] This project and the protocol were approved by the institutional review board of the Katholieke Universiteit Leuven and the ethics committee of the University Hospitals Leuven, Belgium.
Data Analysis
General characteristics of the subject population were documented using descriptive statistics. Spearman rank, biserial, and Pearson correlation coefficients were used to explore the relationships between the variables and the group decision as well as performance in the on-road test. P values of 0.05 or less were considered significant. Multiple regression analysis was used to predict performance in the on-road test. For predicting the group decision (3 classes), logistic regression analysis was used. Univariate regression analysis was first performed with only 1 variable in the model, and only the significant variables were then included in the multivariate regression analysis. When highly interrelated variables were discovered from correlation and factor analyses, only 1 of such variables was included in the regression analysis. A stepwise manner of omitting variables from the model was performed to arrive at the best model in both the multiple and logistic regression analyses. A discriminant function analysis including only variables of the best logistic model was then performed to predict pass and fail classification derived from the 3-class group decision. All statistical procedures were performed with the SAS system. 25 
RESULTS
No general or descriptive variables showed an association with performance in the on-road test and the group decision. The correlation coefficients between the other predictor variables and performance for the on-road test, as well as the 3-class group decision on fitness to drive, are presented in Table 1 . From the visual tests, only binocular acuity showed a significant (P < 0.05) but low positive (0.25) association with the on-road test. Among the neuropsychological tests, figure of Rey test showed a relatively higher (r b = -0.40) and significant (P < 0.001) association with group decision but not with the outcome of the on-road test. UFOV test showed no association with the group decision or with the on-road test.
The variables of correct response of the divided attention test and error difference in incompatibility test were significantly associated with performance in the road test as well as the group decision. The reaction time standard deviation variable of the incompatibility test showed significant (P < 0.05) but low negative association (r = -0.26) with performance in the on-road test. Variables of mean reaction time in the visual scanning test and all components of the visual neglect test were significantly associated with only the group decision. All tests of the SDSA except the false positive variable of the dot cancellation test were significantly associated with both the road test performance and group decision ( Table 1 ). The on-road test showed the highest association of r b = -0.74 with the group decision.
Variables that showed significant correlation with either the on-road test or group decision were also significant in the univariate regression analyses. Correlation and factor analyses revealed that some variables of the SDSA (square matrix direction and compass) were highly interrelated. The same was found for the variables of the visual neglect test. As a result, only error in dot cancellation, square matrix (compass), road sign recognition from the SDSA, and the lateralized mean reaction time variable of the visual neglect test were included in the multivariate analyses. Figure of Rey that was not significantly correlated with the on-road test was included in the multiple regression analysis because it was part of the most predictive model in the previous retrospective study. 13 For Prediction of Driving after Stroke the same reason, side of lesion and kinetic vision were included in the logistic regression analysis to predict the group decision. Results of the multiple regression analysis performed to predict the on-road test revealed a combination of binocular acuity, dot cancellation test, square matrix (compass), and incompatibility test as the best model. The variance explained by this model was 35.0%.
A combination of visual neglect, figure of Rey, and on-road test as seen in Table 2 constituted the best model to predict the 3-class group decision. The model accounted for 73.0% of the variance.
For the discriminant function analysis, a pass/fail classification was derived from the 3-class decision. Inasmuch as only subjects who are judged fit to drive are legally allowed to resume driving, the 34 subjects in this class of decision were classified as "passed." Subjects judged either temporarily unfit to drive (n = 26) or unfit to drive (n = 8) and refused the permission to drive were When the Pass score of a subject is higher than the Fail score, the subject is predicted to pass and vice versa. The discriminant function correctly classified 59 (86.8%) of the 68 subjects when compared with the pass/fail classifications derived from the group decision (Table 3) .
Twenty-seven out of the 34 subjects that failed based on the group decision were correctly predicted as failed, which corresponded to a sensitivity of 79.4%. The specificity, that is, the proportion of the subjects predicted as passed (n = 32) from the total number that passed based on the group decision (n = 34), was 94.1%. Only 2 out of the 29 subjects predicted as failed passed based on the group decision, a positive predictive value of 93.1%. Further data exploration of the 2 subjects revealed that the pass/fail scores differences based on the discriminant function equation were -0.25 and -0.15, respectively.
DISCUSSION
In the previous retrospective study, 13 a combination of binocular acuity and figure of Rey tests best predicted the on-road test and accounted for 28% of the variance. In this study, both the dot cancellation and square matrix (compass) tests from the SDSA, incompatibility from the TAP battery, and binocular acuity test were included in the model that best predicted performance in the on-road test. The only variable retained in the model from the previous study was the test of binocular acuity. 26 The stipulation of a minimum level of binocular visual acuity needed to drive after a neurological impairment such as stroke in several countries is an attestation to the importance of this finding. In spite of the inclusion of 2 of the 3 SDSA tests, which had been reported as valid predictors of on-road driving ability and measure executive reasoning and attention in stroke patients 10, 11, 20, 21 in the new model, the variance explained (35%) by the model remained low. This outcome is also consistent with the finding of Mazer et al. 12 The magnitude of unexplained variance in predicting the on-road test suggests that some major factors that influence performance in the test were not evaluated. It is also possible that performances in some items evaluated during the on-road test are not predictable because of the variability of the visual, cognitive, and perceptual inputs required in such circumstances. Future studies are therefore needed to investigate the predictability of performance in the different items evaluated during the on-road test.
The main aim of this study was to identify the combination of tests from a predriving assessment that best predicted the outcome of a group decision of stroke patients' driving fitness in Belgium. A combination of visual neglect, figure of Rey, and on-road test constituted the best model to predict the 3-class group decision and accounted for 73% of the variance. The test of visual neglect measured misses in the critical stimuli presented in the contralesional visual field while attending to the ipsilesional visual field. Data exploration showed that subjects who demonstrated attributes of visual neglect consistently drifted to one side of the road and lacked adequate visual perception at complex points with multiple visual information and consequently were not found fit to drive. Visual neglect was also reported in some studies as a potent predictor of driving after stroke. 10, 12, 27, 28 Driving also involves the simultaneous performance of multiple activities. As a result, it requires paying adequate attention and appropriately executing sequences of actions in response to the traffic demand. It could thus be expected that figure of Rey (copy) test, which evaluates the visuospatial abilities, attention, problem solving, and organizational capabilities, is another important predictor of driving, especially in stroke patients. This finding is in agreement with the studies of Nouri et al. 9 and Nouri and Lincoln. 10 The onroad test, as in the previous study by Akinwuntan et al., 13 was the single most important predictor of the 3-class group decision. Although no cut-off scores were used in the on-road test, it was observed that a relatively good 13 and present prospective studies differed. Despite including side of lesion, kinetic vision, and visual scanning in the logistic regression analysis because they were part of the predictive model in the previous study, 13 none of these variables appeared in the model that best predicted the 3-class group decision in this study. Side of lesion is an important factor in the type of deficits experienced by stroke survivors, particularly those that affect driving ability. It was reported in several studies that stroke patients with right-sided brain lesions demonstrate more visual, cognitive, and perceptual problems that affect their driving ability when compared to patients with left-sided lesions. 4, 7, 28 Its lack of predictive value in this study was supported in other studies as well. 8, 12 No plausible reason can be given for the noninclusion of kinetic vision (the ability to recognize objects in motion) in the logistic model in this study. However, the exclusion of the visual scanning (active exploration of the visual field) variable from the logistic model in spite of its significant correlation with the group decision may be a result of the inclusion of the visual neglect test and figure of Rey. Both tests also involve visual attention skills as well as effective exploration of the visual field.
Other reasons for the differences in the predictive models found in the 2 studies could be that they are not identical in terms of study design, contents of the predriving assessment, and subject population. In addition to the retrospective design of the earlier study by Akinwuntan et al. 13 that led to much missing data and the predriving assessment battery that contained some non-road related tests, only first-ever stroke patients were included. The prospective design of this present study ensured complete data sets and use of a predriving assessment battery containing only road-related tests, including a reliable and valid on-road test. Patients with multiple strokes were also included in this study.
The accuracy (86.8%), sensitivity (79.4%), and specificity (94.1%) of the prediction based on performance in these 3 tests are quite high. Furthermore, the fact that a fail judgment based on performance in the 3 tests had only 7% probability of being incorrect shows that only a small number of patients would be disallowed incorrectly from driving. The cost, ease, and short time (=1 h) of administering the 3 tests offered economic and clinical relevance to these tests. For some individuals, however, such as those who failed based on a pass/fail difference of less than -0.5, an extended predriving assessment may be needed to decide their fitness to drive.
For the purpose of an extended predriving assessment, we advise the use of a battery based on the findings of the retrospective study and this prospective study, especially because the tests identified as predictors in both studies have been identified in other studies as well. A combination of the findings suggests a model that includes knowledge of the side of lesion, evaluation of binocular acuity and kinetic vision, and neuropsychological tests that include the figure of Rey, visual neglect, incompatibility, dot cancellation, and square matrix (compass). The outcome from these may be used to anticipate performance in the on-road test, which is the most important determinant of the decision on stroke patients' driving ability. The time required to administer the full model, which takes about 90 min, is still shorter than the current testing time.
Future studies in a new cohort with greater numbers of stroke patients are needed to confirm the predictive accuracy of the model found in this prospective study as a short evaluation battery for predicting driving ability after stroke. Additional studies also need to establish the predictive accuracy of the broader model as an extended assessment battery to determine the driving ability of stroke patients who may require more extensive evaluation. Ultimately, the skills assessed by the predictive tests could form the basis of rehabilitation programs aimed at improving the driving ability of stroke patients. It is our future intention to develop simulator-based programs that are capable of being used to assess and train the driving skills evaluated by the tests.
